Shape memory alloys have been widely proposed as actuators, in fields such as robotics, biomimetics and microsystems: in particular spring actuators are the most widely used, due to their simplicity of fabrication. The aim of this paper is to provide a general model and the techniques for fabricating SMA spring actuators. All the steps of the design process are described: a mechanical model to optimize the mechanical characteristic for a given requirement of force and available space, and a thermal model for the estimation of the electrical power needed for activation. The parameters of both models are obtained by experimental measurements, which are described in the paper. The models are then validated on springs manufactured manually, showing also the fabrication process. The design method is valid for the dimensioning of SMA springs, independently from the external ambient conditions. The influence on the actuator bandwidth was investigated for different working environments, providing numerical indications for the utilization in underwater applications. The spring characteristics can be calculated by the mechanical model with an accuracy of 5%. The thermal model allows one to calculate the current needed for activation under different ambient conditions, in order to guarantee activation in the specific loading conditions. Moreover, two solutions were found to reduce the power consumption by more than 40% without a dramatic reduction of bandwidth.
Introduction
Shape memory alloys (SMAs) have been proposed in robotics as an alternative to conventional electric, hydraulic and pneumatic motors, because of the increasing need to develop smaller and lighter robots. Indeed, one of the advantages of this technology is that the lighter the actuators, the bigger is the resulting power/weight ratio, therefore making SMAs a valid alternative to conventional actuators (figure 1) [1] [2] [3] .
Another consideration that makes SMAs a valid alternative to traditional actuation is that they can work in a liquid environment without losing their mechanical properties. The principal application is found in the propulsion system of bioinspired robots, using the alloy in the form of wires [4] [5] [6] or in the form of springs [7] . The approach used in the design of underwater actuators is generally the same as in the design of actuators that work in air. The heat exchange problem was considered, from a control point of view, as a fixed parameter to take into account in the model [6] or in the simulations [4] , and derived analytically or experimentally for the specific case and the specific application. Further advantages of using SMAs are the relatively low cost and the large number of methods that can be employed in the manufacturing process to obtain an actuator [8, 9] . The simplest way is to use the alloy in the form of wires, which present a very high force density, but that have the disadvantages of a limited stroke (maximum 8%) and the need for a high recovery force. Wires can be shaped as springs, to obtain actuators capable of performances that are the result of a trade off between maximum stroke and force, which depend only on geometrical factors. SMA springs have multiple applications, including the actuation of rigid joints [10, 11] , providing bending motion in flexible structures [12] , or fabrication of micropumps [13] . Moreover, thanks to all the above-mentioned peculiarities, they are good candidates for biomimetic and bioinsipired robots, where light weight, small dimensions and low stiffness are fundamental.
There are three main issues connected to the design and fabrication of SMA springs: (1) modelling the mechanical performances of the spring, (2) modelling the thermodynamic cycles during heating and cooling, and (3) dimensioning the control current. Often these issues are approached as a single problem of controlling the alloy using a thermo-mechanical model as feedback for a closed loop control [14, 15] .
Many authors have dealt with the first issue and found different solutions [16, 17] , starting from the knowledge derived from considerations of phase transformation in the single crystals. This approach is purely mathematical and takes into consideration many parameters, thus obtaining very general models. A simpler way to approach the problem is to use a constitutive model based on the classical equations for linear-elastic springs with variable material parameters in order to take into account the phase transition and hysteresis [18] . In this paper, mechanical characteristics of the SMA spring are described by a simple linear-elastic model, with parameters depending on the crystalline phase.
The second issue has been investigated in the literature in different ways, with the aim of finding a complete model of the heating and cooling cycles based on both analytical formulation and experimental evidence, in order to predict the thermodynamic behaviour of the alloy under specific conditions [19, 20] . The method proposed here, on the other hand, is based on a simple but robust semi-empirical procedure for the estimation of the thermal exchange with the environment and at the same time for the estimation of the electric power necessary for the activation.
Finally, the dimensioning control current, induced by a PWM, is a direct consequence of the thermodynamics investigation.
Shape memory alloy can be manufactured in many different shapes, providing diverse means of actuation depending on the geometry adopted for the specific application. Among all the possible actuation solutions, the helical shape is one of the most frequently used, due to the number of parameters that can be adjusted, its ease of fabrication and its compactness. Consequently, the aim of this paper is to show the design method for the realization of a SMA spring actuator for a generic application, considering the most common design parameters, i.e. stroke and force. Further considerations were made on the working environment of the actuators, measuring the heat exchange in numerous conditions. Different springs were realized, following these indications, to validate the single models. The design method, here proposed and validated, found application in the realization of springs used as actuators for a soft manipulator inspired by an octopus arm, providing bending, elongation and shortening mechanisms [21, 22] . The robotic arm has, in the internal part, a hollow cavity, where the actuators are positioned, filled with a liquid medium that equilibrates the external pressure. The composition of the liquid medium is optimized to find a trade off between the actuator frequency bandwidth and power consumption. Necessary specifications for this application are light weight, reduced dimensions, fast activation and reliability. A position control is not necessary, because the control of the spring activation is just on-off. SMA springs are a good solution for the implementation of the transversal and longitudinal actuators, because they do not influence significantly the stiffness of the arm, are small enough to be integrated inside the arm, can work in a water environment and can exert enough force to provide the elongation and shortening of the arm.
A simplified approach to the use of SMA technology and methods to reduce power consumption without sacrificing the performances of the actuators are analysed. Thus, in the first part of the paper, a description of the design of a SMA spring actuator is presented, starting from the requirements of dimensions, stroke and force, applying sequentially the steps of a mechanical model and a thermal model based on an experimental procedure. In the second part, both models are validated, and a method for the manual fabrication is also shown. Finally, the effect of the ambient conditions on the performance of the spring is discussed. The steps of the manual fabrication provide the indications of an easy, fast and low-cost solution to obtain the desired springs to be tested in the early phases of the design of a generic actuation system. The mechanical and thermal models are the tools for the dimensioning of the actuators, and are valid also to define characteristics to search for among commercially available SMA springs or to set customized values to request for. The springs fabricated and tested are used only for the validation process and represent a generic case study. (1) the alloy is in the twinned martensitic phase; when load is applied (1-2) the crystal configuration changes from twinned to detwinned, and the deformation remains also when the load is removed (2) (3) . Increasing the temperature results in a change into the austenitic phase, with a consequent recovery of the original shape (3-4), which is maintained also when the alloy cools down (4-1).
SMA theory
The shape memory effect was first discovered in the 1960s [23] on a nickel-titanium alloy, and since that time it has been an important subject of research for its interesting properties. The macroscopic effect that is exploited for the actuation process is the recovery of a pre-determined geometrical shape, after a plastic deformation, triggered and completed by a heating process (figure 2). This effect is based on the change of the crystalline phase from martensitic, which is thermodynamically stable at lower temperature, to austenitic, which is stable at higher temperature.
The phase transition occurs in a certain range of temperature and exhibits a high hysteresis, so it is necessary to define four temperatures that characterize quantitatively the effect: A s , A f , M s , and M f . These are the temperatures that respectively correspond to the start and finish of the austenitic transformation during heating process (A s , A f ) and of the martensitic transformation during cooling process (M s , M f ). These temperatures depend also on the internal stress of the alloy: there is a linear correlation between stress and transition temperatures. A thorough review of the basic properties and the constitutive behaviour of the SMAs can be found in [24] .
Models definition
The SMA actuator, for our purpose, is considered as a spring with two different spring rates, depending only on the crystalline phase of the alloy. Since in our assumption the actuator is used just in an on-off configuration, intermediate situations where the two phases coexist are neglected. Spring contraction is considered to occur when a certain activation temperature is reached, while elongation is provided by an antagonistic mechanism that involves another SMA spring.
The design of the SMA helical springs has three geometrical parameters to consider:
A mechanical model is used to describe the mechanical characteristics of the spring and will be shown in section 3.2. The three parameters are the output of a simple algorithm developed in MATLAB (MathWorks, Inc.) that calculates the admissible solutions that match the specified requirements of force and available workspace. Thus the algorithm inputs are the mechanical characteristics of the alloy, the target force and the available space to lodge it, while wire diameter, spring diameter and number of coils are considered as variables of the algorithm for the choice of the spring. The spring that fits the specifications with the minimum power consumption is considered as the best solution. Subsequent to the mechanical model, a thermal analysis of the wire is the next step to control the spring activation. A thermal model is used to predict the temperature reached by the wire for a given electric power, so that the spring can be activated while avoiding overheating. Some other solutions, described in section 5.1, are used to avoid excessive internal stress during working cycles.
In our specific case the choice of the raw material for the springs was directed towards a commercially available alloy (Smartflex c SAES getters group, Milano, Italy).
Material characterization
The chosen wires have a nominal activation temperature A s of 55 • C and A f of 60 • C. The first data necessary to develop the model are the Young's moduli of both the martensitic and the austenitic phases.
In our case, the mechanical properties were not indicated on the data sheet, so they were investigated by a material testing device (INSTRON 4464, Norwood, MA) on wires of two different diameter sizes: 100 and 200 µm. A series of tests was performed for each diameter with a tensile speed of 0.1 mm s −1 until the break of the specimen. The Young's modulus was extracted for each trial, from which the mean values were calculated. The Young modulus was found to be 22 MPa for the martensitic phase and 55 MPa for the austenitic phase.
Tests on the austenitic phase were performed by connecting a stabilized power supply directly to the wire, once logged on the tensile machine. Current was driven into the wire to reach the activation temperature and maintained for the duration of the test. Different current values were tested to check repeatability.
Mechanical model
A mechanical model is a necessary tool for the prediction of the performance of the springs, and the aim of this work is to design an actuator starting only from force requirements and available space. The model is therefore subdivided into two parts: the first one calculates the actuator performance and the second one iteratively searches for the optimized solution for the proposed case.
In the first part, the variable input data for the model are: wire diameter; spring index (ratio between average spring diameter and wire diameter) and number of coils. Poisson's ratio, maximum internal stress and Young modulus (austenitic and martensitic) are the material fixed parameters. The model is based on Castigliano's theorem and gives the spring rate (for austenite and martensite) and maximum force as output. The maximum internal stress of the spring is coincident with the maximum shear stress (τ a ): to have a fatigue life of more than 100 000 cycles, its value must be τ a < 450 MPa, according to manufacturer's data sheet. For design purposes, the maximum stress is set to τ a = 450 MPa. The inputs of the model are then: wire diameter (d), spring index (c), number of coils (n), Poisson's ratio (ν), Young modulus (E), which has to be adjusted when considering the martensitic or austenitic phase.
The shear modulus can be calculated as:
The spring rate (K) can be derived as:
Equations (1) and (2) have to be calculated for both austenitic and martensitic phases, using the appropriate terms.
The maximum force that can be exerted by the spring can be calculated as:
After the development of this first part of the model and its validation (shown in section 4.2), the second step, consisting of iterative optimization, was implemented in MATLAB. In this second part, two additional inputs are inserted into the algorithm to take into account the available space for the working cycles of the springs and the minimum force that the springs have to exert during the working cycles. The input parameters are expressed in the form of vectors and all possible combinations are calculated. All results are stored, but only the ones that satisfy the requirements of feasibility, stroke and force are considered. Then the results are sorted according to the desired sequence (stroke, force, power consumption) in order to give the user the possibility to visually check and choose the most suitable result. With these two additional inputs it is possible to choose an actuator that can be used in a defined space and can achieve the minimum required force. From the geometrical parameters it is then possible to compute the electrical parameters (resistance and current needed for phase transition) to estimate the power needed for activation. Moreover from the characteristics of the resulting spring, a bias spring can be dimensioned to work as antagonistic actuator.
Thermal model
The thermodynamics of the heating and cooling cycles is a critical point in the design, both for the power consumption and for the frequency of the activation cycles. In particular, the heat transfer coefficient relates directly to the temperature reached at steady state and electric power provided during activation. It is not easy to derive it analytically and it is not known a priori; thus a model is needed to calculate it from simple measurements. A test protocol was developed for this purpose. A single equation allows one to calculate the heat transfer coefficient, having as input a steady state temperature and the corresponding current needed to reach it. In the proposed method the two data are collected in separate experiments: in the first, the transformation temperature is measured, and in the second the current needed to obtain a phase transformation is evaluated through the resistivity variation of the wire due to phase transformation. From now on, this procedure will be called the indirect method. The same result of estimation of the heat transfer coefficient could be obtained by measuring the power supplied to the wire and the temperature directly on the surface of the wire at steady state, by means of a thermocouple. In this way the two data are collected at the same time, and some measurement errors can be reduced, but, since the use of a very small thermocouple is limited to measuring temperatures in air on wires with a diameter at least of the same size of the thermocouple, this direct method is used just to validate the indirect method. On the other hand, the indirect method can be utilized to estimate the heat transfer coefficient on all wire sizes and in different ambient conditions. Tests on the same wire led to similar results of estimation of the heat transfer coefficient (see section 4.3). A detailed description of each step will be shown in the next sections.
Heat transfer coefficient calculation.
In our case, heat transfer is dominated by convection, since the wire is surrounded by low viscosity fluids (air, water and glycerol-water solutions). Radiation is neglected because of the relatively low temperatures of the surfaces. Hence, heat transfer is determined by the heat transfer coefficient (h). Within our temperature range, this coefficient is considered independent of temperature, as found in [19] , and the heat transfer is expressed by the Fourier law, which for steady state problems is:
where q is the thermal power generated, A is the heat exchange surface area, Ta is the external temperature and T is the temperature on the surface of the wire. Coefficient h can be calculated from a specific thermal power and the corresponding steady state temperature [20] . Equation (4) can be rewritten to express the coefficient as function of the electric current as:
where ρ is the resistivity and r the radius of the wire.
Given the target temperature, which in our case is the activation temperature, the external temperature of the fluid and the electric current, it is then possible to calculate the heat transfer coefficient.
Activation temperature measurement.
The activation temperature can be estimated by measuring the temperature-contraction relationship of the wire. An experimental setup was built for this purpose. A 200 mm SMA wire (diameter 0.2 mm) was manually stretched to reach a 5% elongation in its central part (avoiding elongation at the extremities). The wire was then fixed on one end to a wooden block by an aluminum plate and screws.
The other end was fixed on a slide potentiometer (Panasonic, 10 k , operating force max 1 N). The voltage-position relation was previously measured to use it as a position sensor. A type K calibrated thermocouple was fixed in proximity to the wire to measure the ambient temperature. The thermocouple and potentiometer were connected to a data acquisition board (SCB68-National Instruments), then the temperature and displacement were recorded with LabView (National Instruments). The entire system was then positioned inside a programmable oven (VD 53-Binder) and the temperature was raised until the complete activation was reached. The temperature at complete activation was found to be 63 • C. Errors in this measurement were introduced by the thermocouple, the accuracy of which is estimated to be ±2 • C.
The austenitic transformation temperature (A f ) depends on the stress condition of the alloy through the following relationship:
where C a is a coefficient that relates the transformation temperature and the internal stress and τ is the maximum internal stress inside the alloy for a given elongation of the spring. For the alloy the value used was C a = 8.2 MPa • C −1 (from materials data sheet). For a given spring geometry and maximum force applied to the spring, the maximum internal stress can be calculated, i.e. the correct activation temperature can be obtained. When calculating the power needed for activation, the target force of the actuator must be used to calculate the actual transformation temperature, which has to be taken as the target temperature for the activation.
Resistivity measurement.
The phase-related resistivity was exploited in order to find the current needed to obtain a full phase change. In changing from the martensitic to the austenitic phase, the resistivity decreases. In the transition phase, the resistivity is proportional to the phase ratio present in the wire. By measuring the curve that relates the wire resistance and the current passing in the wire, it is possible to identify the complete transition point, where full austenitic transformation occurs, which is achieved at a known temperature. A PWM control board is used to activate the wire. The resistance is measured indirectly by the ratio of voltage and current. Both are directly measured with the acquisition board, the first in parallel with the wire, whereas the second is measured by an ammeter. The resistance is recorded and the difference between the initial value and the steady state value is considered. In the activation temperature range the resistance varies almost linearly. The resistance does not vary prior to the beginning of activation, but once the activation is completed the maximum difference can be observed. The current corresponding to the peak value is considered as the one needed to achieve full phase transformation. This test was also performed in water and in different solutions of glycerol, with the same experimental setup used for air. SMA connection wires were dipped into a Plexiglas box filled with liquid. The volume of the water was sufficient to avoid global heating of the liquid due to the thermal power from the wire, thus a constant ambient temperature can be assumed.
Heat transfer coefficient direct measurement.
The heat transfer coefficient was firstly measured using the direct method, following a procedure that consists in (i) measuring the temperature of the surface of the wire and (ii) relating the temperature to the electric power supplied. Measuring the temperature on a 0.2 mm diameter wire is a complex task because contactless methods, such as laser or thermocameras, have insufficient resolution to focus only on the wire while avoiding the surrounding environment. In addition, thermocouples and thermoresistances can influence the measurement if the diameter of the sensor is comparable to the size of the wire. The solution found to this problem was the use of a thin wire thermocouple (diameter 0.0025 mm), with the sensing tip wrapped around the wire. Temperature values were recorded by a data acquisition board and the wire was directly connected to a power supply providing the constant current. The wire was maintained in still air by a surrounding Plexiglas box. The wire was heated until a stable temperature value was recorded. The following activation was performed once the initial temperature was again reached. Three trials were carried out and the values interpolated with a second-order polynomial (figure 3). 
Models validation

Manual fabrication of a prototype of SMA spring
Manual fabrication of the SMA spring is a fundamental step in the design process to realize a large number of prototypes in a relatively fast way at low cost, before eventually choosing commercially available springs or having them fabricated by industrial manufacturers. A good fabrication method is, therefore, necessary to obtain repeatability among different actuator prototypes, since small differences and imprecision can greatly affect the mechanical performance of the springs. To memorize the desired shape, the spring has to be mechanically constrained and maintained at 450 • C for 30 min inside a furnace. After this time has elapsed, the spring is water quenched. This protocol has been established after a series of experimental trials, also based on indications found in the literature, testing the different fabricated artefacts and choosing the method that produced springs with performances that were more stable and repeatable.
A new method for manual fabrication is proposed, involving the use of two aluminum elements to coil up the wire around the central steel bar. One extremity of the wire is blocked on the core between two halves of an aluminum block that is held tight by two screws. The wire is wound on the core using a simple aluminum device made of two halves, as illustrated in figure 4 . The steel bar is held in place with two screws and nuts (holes C) between the two parts of the block, and lodged in the central hole (A) whose dimension allows the rotation of the aluminum block. Then the wire (B) is passed in the space between the two parts of the block (E), close to the steel bar. The rotation of the block makes the wire wind around the core, generating the coils of the spring. When the process is complete, an additional screw is used to avoid uncoiling of the spring (hole D). Figure 5 shows a spring ready to be put in the furnace. The core and aluminum blocks are customized for the specific wire diameter and spring index (ratio of average spring diameter and wire diameter). The springs built have a wire diameter of 0.2 mm and spring index equal to 6, so the diameter of the core utilized for this specific case is 1 mm.
This process avoids unwinding of the wire during the annealing process, when the activation temperature is reached and the material tends to regain the initial linear shape.
Mechanical model validation
The mechanical model was validated on springs with different geometrical characteristics. A total of 8 springs were tested: five of them were made with a 0.2 mm diameter wire, spring index equal to 6, and 6 coils, and the remaining three were made with a 0.2 mm wire, spring index equal to 8.5, and 15 coils. The springs were clamped in a material testing machine to measure the spring's resistant force while a tensile force was applied. Each test consisted in elongating the spring from the fully contracted position to maximum elongation, defined by the model. For each spring a minimum of three trials were performed to check repeatability too. For austenitic phase tests, a PWM control was used: a heating time of 1 s applying the current needed for a fast activation was used to activate the spring, then the duty cycle was adjusted to avoid overheating (which could damage and degrade spring performance). All the results are summarized in table 1 where a comparison between experimental results and model predictions are shown.
The mean error for the first set of springs, between the experimental measurements and the model, is around 5% in the austenitic phase, while it is around 10% for the martensitic phase. In the second set the error is 3% in the austenitic phase and 5% in the martensitic phase.
Results on the repeatability of the spring performance obtained with the elongation tests are shown in figure 6 . The maximum force derived from the model, with the constraint of maximum internal stress fixed at 450 MPa, is 1.18 N, and the maximum stroke is 246%. The spring can exert the required force with a linear characteristic. The results are very Table 1 . Mechanical model validation on eight springs. The spring rate is measured in the martensitic (k c ) and austenitic (k h ) phase and compared to the theoretical value.
Wire diameter: 0.2 mm-spring index: 6-coils: 6 consistent with the model and show good repeatability, with very low errors, thus the model can be successfully used to design SMA springs from a mechanical point of view.
Thermal model validation
The aim of this part of the work was the application of the two methods for the measurement of the heat transfer coefficient, previously described, in order to make a comparison between the results obtained. The direct method was used to estimate the h coefficient on a wire in air, as described in section 3.3. The experimental setup for the measurement of the temperature with the thermocouple led to an estimation of the coefficient of 128 W m −2 K −1 . This coefficient was calculated by finding the curve, calculated by equation (5), that minimizes the mean quadratic error from the experimental data. Errors in this measurement are not negligible, and they are due to the low accuracy in measuring the activation temperatures and to the error in the measurements with the thermocouple. However a 15% error in the heat transfer coefficient has an acceptable impact on the estimated steady state temperature calculation, as shown in figure 7. For temperatures lower than 100 • C, which is higher than the range of utilization of the alloy, an error of 15% from the nominal h of 128 W m −2 K −1 gives a steady state temperature value that is still in the range of the experimental measurements and corresponds to a difference from the central value of around 10%.
Another experimental setup was then realized to obtain the estimation of h in the same environmental conditions by using the indirect method. Resistivity variation measures were performed on three wires with different lengths. The tested current ranges varied between 50 and 600 mA ( figure 8) . In all the three cases the maximum variation is visible for a current of 310 mA. Thus this value of current is considered as the value corresponding to a steady state temperature of 63 • C.
Data extrapolated from this experiment were used for the calculation of the heat transfer coefficient. 300 mA of current were imposed in equation (5) and the heat transfer coefficient found was 100 W m −2 K −1 , differing from the theoretical value of 128 W m −2 K −1 by 20%.
Results and discussion
The effect of a liquid working environment
The indirect method was then replicated for the wire in different ambient conditions. The first test was made in distilled water. Results show a peak in the initial and final resistance difference for 1600 mA ( figure 9 ). This value leads to a heat transfer coefficient of nearly 2300. Considerations on the error made in the experiment conducted in air are still valid also for this case. A 15% error in estimation of that coefficient introduces an error around 10% in the prediction of the steady state temperature in the range of temperatures around complete austenitic transformation (63 • C). The error increases with temperature.
Since the use of the wire in water is very power consuming, if compared to the use in air, some solutions are herein proposed to reduce the heat transfer coefficient. A first approach to the problem was by covering the wire with a commercially available 50 µm thermo-restrictive PTFE sheath that provides thermal insulation during heating. The wire can be easily introduced in the sheath also when it is spring shaped. The thermal insulation capability of this solution was evaluated.
To quantify the benefits of introducing the sheath around the wire, the same set up (introduced in section 4.3) was used to measure the h coefficient. Experimental results show an activation current of 1150 mA, corresponding to the peak in figure 9 . An improvement in the heat exchange performance is evident; the heat transfer coefficient reduced from 2300 to 1200 W m −2 K −1 , corresponding to a 47% reduction in electrical power needed to obtain the same temperature at steady state.
Further experiments were made on working environments with liquids that have a thermal conductivity lower than pure water, in order to reduce the heat transfer coefficient. The consequences on the bandwidth of the alloy are then examined, by simulating the thermodynamic response of the alloy.
Glycerol was chosen for its low thermal conductivity (0.28 W m −1 K −1 as compared to 0.6 W m −1 K −1 for water at 25 • C) and water solubility. Three solutions with different percentages of water were tested as environments for the actuator, repeating the same procedure for the estimation of heat transfer coefficient (figure 10). A decrease of the h coefficient was reported from 2300 to 1280 W m −2 K −1 . Results are reported in table 2. A lower heat transfer coefficient, besides reducing power consumption, affects the heating and cooling time. Reducing the heating time is a desirable effect, while a long cooling time reduces the bandwidth of the actuator. A simple finite element model developed with the commercial software MSC MARC/MENTAT (Santa Ana, CA, USA) was used to determine the dynamic response of the temperature to an instantaneous variation of current in a wire. A wire with a 0.02 mm length and 0.2 mm diameter has a hexahedral mesh with 2380 elements. Data of the model are summarized in table 3.
A current was imposed on one of the two faces of the cylinder, and a face film boundary condition was imposed on the surfaces where heat transfer occurs, with a determined h coefficient for each simulation. Coefficients are derived from the previously described experiments. Activation in air, water and solutions of glycerol in water were simulated: a temperature of 68 • C was chosen as the target for all the tests, since it is above the temperature of complete austenitic transformation with no load. The heating time to target temperature in air is 6 s, as well as the cooling time. A water environment reduces the time dramatically, even in the solution with glycerol: in an environment of 100% water, the heating and cooling times are both 0.5 s; in a solution of 40% water and 60% glycerol an increase to 1 s is observed ( figure 11 ). For the application in the bio-inspired octopus arm manipulator it is an acceptable threshold, which sets the maximum frequency for a complete heating-cooling cycle at 0.5 Hz in the case of minimum power consumption (environment 60% glycerol, 40% water), and at 1 Hz in the case of maximum power consumption (environment 100% water).
Design process
The workflow of the design process can be summarized in the following steps:
(1) Define the SMA properties, i.e., Young modulus of both phases and maximum internal stress allowed. These are the indications for the design process for the dimensioning of a single spring actuator; all the considerations are valid for both commercial springs or manually fabricated springs. The working environment influences the bandwidth and the power consumption for the activation, leaving unvaried the mechanical performances. All the steps were validated singularly on many spring prototypes, which are considered as general case studies.
Conclusions
The work presented here consists of the design and manufacturing process, as well as the thermodynamic characterization of a SMA spring, starting with the specifications of force required and the working space available for the actuator. This paper can be considered as a guide for the design of SMA spring actuators that can achieve the desired performance with a good accuracy. A mechanical model was first presented and validated, including the optimization protocol to find the configuration that best fits the requirements. A method for fabrication and the thermal treatment to obtain repeatable results is proposed. The model was validated with different springs, finding an error on the estimation of the spring rate of less than 10%. A procedure for the measurement of the heat transfer coefficient is proposed, based on resistivity change of the alloy due to phase transition. This semi-empirical method was validated and an error of less than 20% on the final results was found. It was also demonstrated that it is possible to reduce this error by up to 10%, considering the estimation of the temperature at steady state as the most important parameter for the spring design. A method to reduce the power consumption in a highly dissipative medium such as water is also proposed: covering the wire with a thin PTFE sheath reduces the power requirement by 47%. A solution of glycerol and water instead of just water as working environment can reduce the power consumption by nearly 45%. Better results in terms of electric power reduction could be obtained by combining the two solutions. The influence on the actuator bandwidth was investigated using a finite element model: the use of glycerol can increase the heating and cooling time from 0.5 to 1 s. This method was successfully used to design and fabricate the actuators of the first prototype of an octopus-like robot arm.
